All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

Nonalcoholic fatty liver disease **(NAFLD)** is the most common cause of chronic fatty liver disease in the United States affecting 10--35% of adults and an increasing number of children \[[@pone.0146942.ref001]--[@pone.0146942.ref003]\]. The incidence of NAFLD is especially high (≥60%) in the obese and type 2 diabetic populations. NAFLD is primarily characterized by excess deposition of neutral lipid (hepatosteatosis) in the liver in which \>5% of the liver is stored neutral lipid (triglycerides & cholesterol esters). Hepatosteatosis can progress to nonalcoholic steatohepatitis **(NASH).** NASH is characterized by hepatic inflammation, hepatocyte damage/death and oxidative stress. Excessive damage to the liver promotes fibrosis, i.e., deposition of extracellular matrix (**ECM**), consisting of collagens, elastin and other proteins. NASH-associated fibrosis is a risk factor for cirrhosis and primary hepatocellular carcinoma. Complications arising from NASH are projected to be the leading cause of liver transplants by 2020 \[[@pone.0146942.ref004]\].

Currently there are no FDA approved therapies for NAFLD and generally clinicians simply treat underlying comorbidities associated with metabolic syndrome **(MetS),** i.e., obesity and fasting hyperglycemia and dyslipidemia. Given that NAFLD/NASH is characterized by hepatic lipid deposition and often accompanied by central obesity, it is a logical recommendation for clinicians to encourage their patients to alter dietary intake and lose excess body weight. However, the efficacy of these recommendations on advanced NASH is not well characterized.

Moreover, a complication of advanced NASH is the development of fibrosis resulting from significant liver injury. While fibrosis was once considered irreversible, more recent studies in rodents and humans indicate that hepatic fibrosis is reversible \[[@pone.0146942.ref005]--[@pone.0146942.ref012]\]. The general findings from these studies suggest that hepatic fibrosis resolves once the stimulus for liver injury is removed. These studies, however, examined the reversibility of fibrosis in the absence of the chronic metabolic phenotype that characterizes NASH in the obese-MetS patient. As such, the applicability of these findings to obese-MetS patient with NASH is unclear.

To address this issue, we developed a mouse model using *Ldlr*^*-/-*^ mice fed the western diet **(WD)** \[[@pone.0146942.ref013]--[@pone.0146942.ref015]\]. The WD is moderately high (\~43% total calories) in saturated, monounsaturated and trans-fat, sucrose (30% total calories), and cholesterol (0.15 gm%). Long-term WD feeding induces a severe NASH phenotype in the context of MetS in *Ldlr*^*-/-*^ mice; in which *Ldlr*^*-/-*^ mice become obese and display metabolic markers of MetS, such as fasting hyperglycemia and dyslipidemia. Plasma from these mice has revealed evidence of endotoxinemia and hepatic damage (ALT and AST) and livers from these mice exhibit histological and biochemical evidence of being fatty, inflamed and fibrotic. The NASH phenotype in these mice develops in conjunction with the onset of MetS, obesity, hyperglycemia, dyslipidemia and insulin resistance. As such this mouse model is representative of human diet-induced NASH and recapitulates the phenotype of NASH in obese humans with MetS.

To test the hypothesis that weight loss and dietary change is efficacious in reversing NASH induced in the context of MetS, we determined the capacity of a non-purified chow (**NP**) and a purified low-fat low-cholesterol (**LFLC**) diet, typically used as a control diet in diet-induced obesity studies \[[@pone.0146942.ref016]\], to reverse WD-induced MetS and NASH in *Ldlr*^-/-^ mice. We used a time course approach to establish associations between changes in plasma and hepatic parameters during diet-induced remission of MetS and NASH. The outcome of this analysis establishes that switching WD-fed *Ldlr*^*-/-*^ mice to the NP or LFLC diet has major effects on many, but not all, features associated with MetS and NASH.

Materials and Methods {#sec006}
=====================

Animals and Diets {#sec007}
-----------------

All procedures for the use and care of animals for laboratory research were approved by the Institutional Animal Care and Use Committee at Oregon State University. Male *Ldlr*^*-/-*^ mice \[B6;129S7-*Ldlr*^*tm1Her*^/J, stock\# 002207, purchased from Jackson Labs\] were individually housed, maintained on a 12-hour light/dark cycle and were acclimatized to the animal facilities at OSU for 1-week before proceeding with experiments. At the termination of both studies, all mice were fasted overnight (1800h to 0800 h) prior to sacrifice by CO~2~ administration and exsanguination; blood and liver were collected as previously described \[[@pone.0146942.ref014]\].

### Study 1: Effect of non-purified chow diet on remission of WD induced NASH {#sec008}

At 10 weeks of age mice were randomized to 3 treatment groups (4 mice per group): Group 1) fed *ad libitum* Purina Pico Lab Diet 5053 for 29 wks \[(non-purified diet, \[**NP**\], **[S1 Table](#pone.0146942.s003){ref-type="supplementary-material"}**\]; Group 2) fed *ad libitum* Western Diet (**WD**, Research diets D12079B) for 29 wks \[**WD-29**\]; Group 3) mice were fed *ad libitum* WD for 22 wks and then switched to *ad libitum* NP diet for 7 wks **(WD to NP).** All mice were sacrificed after 29 wks on the NP or WD diets.

### Study 2: Effect of purified low-fat low-cholesterol diet on remission of WD induced NASH {#sec009}

Study 2 consisted of 6 groups (5--6 mice per group). At 9 wks of age mice were fed one of two diets: the WD or the low-fat low-cholesterol (**LFLC**) diet (Research Diets 12450B). Sucrose content in the LFLC diet nearly matched the sucrose content in the WD (**[S1 Table](#pone.0146942.s003){ref-type="supplementary-material"}**). Mice were maintained on their respective diets for 24 wks. This study assessed the effect of reduced dietary lipid (fat and cholesterol) on NASH remission. A WD-fed group was sacrificed after 24 wks on the diet to establish baseline hepatic status (**WD-24**). At 24 wks additional WD-fed groups were switched to the LFLC diet (**WD-24 to LFLC**) for 1, 2 or 8 wks; (i.e., **WD-24 to LFLC 1 wk**; **WD-24 to LFLC 2 wks**; **WD-24 to LFLC 8 wks**, respectively). LFLC-fed mice (**LFLC-32**) and WD-fed mice (**WD-32**) were maintained on their respective diets for 32 wks.

A power calculation (<http://www.dssresearch.com/toolkit/spcalc/power_a1.asp>) was carried out with the following parameters: difference between the test (test value = 8) and control (control value = 4) i.e., mean difference is 2-fold; standard deviation 20% of the mean; 95% confidence, the statistical power for 4 and 6 animals (sample size) was 99.1% and 99.9%, respectively.

RNA Extraction and qRT-PCR {#sec010}
--------------------------

RNA was extracted from livers using Trizol (Life Technologies) as described \[[@pone.0146942.ref016]\]. RNA was quantified via spectrophotometry using a nanodrop-1000. qRT-PCR was performed using the 7900HT fast machine from Applied Biosystems as previously described \[[@pone.0146942.ref016]\].

Hepatic Lipid Composition {#sec011}
-------------------------

Hepatic lipids were extracted as previously described \[[@pone.0146942.ref017]\]. Total lipid extract was subject to saponification and methylation; and fatty acid methyl esters were separated and quantified by gas chromatography \[[@pone.0146942.ref017]\]. GC standards were purchased from Nu-Chek Prep Inc. Hepatic protein content was measured using Quick Start Bradford Reagent (Bio-Rad) and bovine serum albumin (Sigma-Aldrich) as a standard.

Plasma and Hepatic Measures {#sec012}
---------------------------

Plasma triglycerides, total and free cholesterol and glucose were measured using kits obtained from Wako. Plasma aspartate amino transferase **(AST)** and alanine amino transferase **(ALT)** were measured using kits from Thermo Fischer Scientific. Plasma endotoxin was measured using a kinetic chromogenic kit obtained from Lonza. Plasma Toll Like receptor **(TLR)**2 and TLR4 agonist activity was measured using Hek-Blue cell systems from Invivogen. Plasma leptin and adiponectin were measured with ELISA kits from R&D Systems. Hepatic hydroxyproline was measured using a colorimetric assay obtained from Sigma-Aldrich according to manufactures protocol and normalized to hepatic protein content as measured by the Bradford Assay.

Liver Histology {#sec013}
---------------

Liver (\~100 mg) was fixed in buffered-formalin, paraffin embedded, sliced, and stained with hematoxylin-eosin, trichrome or Sirius red (Nationwide Histology, Veradale, WA). Each slide contained 4--6 slices/liver. Steatosis and fibrosis was seen consistently on all liver sections from the same animal. Photomicrographs of liver sections shown in the figures are representative of all livers within each group.

Heat maps, volcano plots and statistical analysis {#sec014}
-------------------------------------------------

Heat maps were prepared using data on body weight, plasma (glucose, lipids, ALT, AST, leptin, adiponectin, TLR2 and TLR4 agonist), and hepatic (triglycerides, cholesterol, fatty acid profiles, gene expression, hydroxyproline). The data were analyzed using the statistical package in MetaboAnalyst 3.0 \[<http://www.metaboanalyst.ca/MetaboAnalyst/>\] \[[@pone.0146942.ref018]\]. The analysis generated heat maps, volcano plots, correlation analyses and ANOVA with Tukey's HSD Post-hoc test. We also used a separate online statistical package \[<http://vassarstats.net/>\] for one-way ANOVA with Tukey's HSD Post-hoc test of specific features to detect significant differences between groups when more than two groups were included in the analysis. Student's t-test was used when only two groups were being compared and non-parametric tests were used when unequal variance as determined by f-test was detected between two groups. A p-value ≤0.05 was considered statistically different. All values are reported as mean ± SD.

Results {#sec015}
=======

The NP diet partially reverses WD-induced NASH and fibrosis in *Ldlr*^*-/-*^ mice {#sec016}
---------------------------------------------------------------------------------

Feeding *Ldlr*^*-/-*^ mice the WD for 29 wks induced a MetS and NASH phenotype characterized by obesity, dyslipidemia, hepatosteatosis and fibrosis (**[Fig 1](#pone.0146942.g001){ref-type="fig"} and [S2 Table](#pone.0146942.s004){ref-type="supplementary-material"}; [S1](#pone.0146942.s001){ref-type="supplementary-material"} and [S2](#pone.0146942.s002){ref-type="supplementary-material"} Figs**). Hepatic triglycerides (a marker of steatosis) and hydroxyproline (a marker of fibrosis and collagen cross-linking) were elevated in WD-fed mice \~2.5 and \~2-fold, respectively. Increased hepatic hydroxyproline levels correlated with histological evidence of branching fibrosis (Trichrome: blue stained collagen, yellow arrows, **[Fig 1](#pone.0146942.g001){ref-type="fig"}**).

![Effects of non-purified lab (NP) diet on reversal of WD-induced NASH.\
Mice were fed the NP (Lab Chow) or WD diets as described in Materials and Methods. **\[A\]:** The left and right panels represent hematoxylin-eosin (H&E) and trichrome (TC) staining of liver sections, respectively. Magnification for the H & E and TC panels was 4X, respectively. Lipid droplets appear as white circles (black arrows), while branching fibrosis (yellow arrows) appears as blue strands in the trichrome stained liver sections. The slides are representative of all livers in each group. **\[B\]:** Hepatic triglyceride was quantified as described in Methods and Materials. Results are represented as Triglyceride, μg/mg protein. **\[C\]:** Hepatic hydroxyproline content was quantified as described in Methods and Materials. Results are represented as Hydroxyproline μg/mg protein. Statistical analysis used ANOVA plus Tukey's HSD to establish statistical significance.](pone.0146942.g001){#pone.0146942.g001}

After 22 wks on the WD, mice were switched to the NP diet for 7 wks. This change in diet lowered body weight; hepatic triglycerides to levels seen in mice fed the NP for 29 wks. While hepatic hydroxyproline levels were reduced in this group, this change in hydroxyproline was not significant. Trichrome staining also detected evidence of fibrosis in livers of mice switched from the WD to NP diet. While switching the diet from the WD to NP succeeded in significantly reducing body weight and hepatosteatosis, it failed to fully reverse WD-induced hepatic fibrosis.

We next determined if changes in histologic features paralleled changes in other physiological NASH markers. The heat map (**[Fig 2](#pone.0146942.g002){ref-type="fig"}**) includes data on body weight, plasma and hepatic parameters, as well as hepatic fatty acids. Data used for the heat map is displayed in **[S2 Table](#pone.0146942.s004){ref-type="supplementary-material"}; [S1](#pone.0146942.s001){ref-type="supplementary-material"} and [S2](#pone.0146942.s002){ref-type="supplementary-material"} Figs**. Most parameters increased in mice fed the WD, when compared to mice fed the NP diet; this included body weight, blood glucose, and plasma levels of lipids, TLR2 and TLR4 activators, markers of hepatic damage (ALT & AST), TNFα and leptin. Hepatic lipids (triglyceride & cholesterol) and NASH gene expression markers associated with inflammation; and hepatic saturated and monounsaturated fatty acid content was also increased. Factors decreasing in response to the WD feeding included plasma adiponectin, hepatic enzymes involved in hepatic ECM remodeling (*Col4A1*, *Mmp9*), fatty acid elongation (*Elovl5 and Elovl6*), carbohydrate metabolism (*Pck1*, *G6Pase*) and hepatic levels of ω3 and ω6 PUFA.

![Heat map of changes in whole body, plasma and hepatic features associated with the NP, WD-29 and WD to NP groups.\
The heat map was created using the statistical package in MetaboAnalyst 3.0 (<http://www.metaboanalyst.ca/MetaboAnalyst/>) as described in Materials and Methods. **\[A\]**: The heat map is a visualization of the changes in abundance/level of features in rows (e.g., plasma glucose) for each animal (columns). The number at the bottom of the heat map is the animal identification number. The color ranges from deep orange (high abundance or level) to deep blue (low abundance or level); white is no change.](pone.0146942.g002){#pone.0146942.g002}

In mice fed the WD for 22 weeks and switched to the NP for 7 weeks, nearly complete reversal of all parameters was observed. Taken together, this data suggests that a diet low in fat, simple sugar and cholesterol can reverse many of the whole body, plasma and hepatic features associated with WD-induced NASH. However, some fibrosis persists in this group (**[Fig 1](#pone.0146942.g001){ref-type="fig"}**).

Purified low-fat low-cholesterol (LFLC) diet partially reverses WD-induced NASH {#sec017}
-------------------------------------------------------------------------------

The NP diet used in Study 1 is a rodent maintenance diet and is not characteristic of human diets. Study 2 assessed a purified low-fat low-cholesterol (**LFLC**) diet typically used as a control diet in diet-induced obesity studies with wild type C57BL/6J mice \[[@pone.0146942.ref016], [@pone.0146942.ref019]\]. This study was also designed to determine the time course across which the LFLC diet feeding resolved physiological markers of NASH.

*Ldlr*^*-/-*^ mice were fed the WD for 24 wks (WD-24) and extended feeding for 32 wks (WD-32). As with Study 1, these mice gained weight and exhibited multiple plasma and hepatic features associated with MetS and NASH (**[Fig 3](#pone.0146942.g003){ref-type="fig"}, [S3 Table](#pone.0146942.s005){ref-type="supplementary-material"}**). The plasma markers of this phenotype included: hyperglycemia, dyslipidemia and elevated plasma levels of ALT, leptin, TNFα and TLR2 and TLR4 activators. Livers of these mice were engorged with lipid and displayed evidence of mild fibrosis, as reflected by increased blue staining in trichrome stained livers and elevated hydroxyproline levels (**[Fig 3](#pone.0146942.g003){ref-type="fig"}**).

![Can a LFLC diet reverse WD-induced NASH? Mice were fed the LFLC or WD diets as described in Materials and Methods.\
**\[A\]**: The left and right panels represent hematoxylin-eosin (H & E) and trichrome (TC) staining of liver sections, respectively. Magnification for the H & E and TC panels was 16X and 10X, respectively. Lipid droplets appear as white circles (black arrows), while fibrosis (branching) appears as blue strands (yellow arrows) in the trichrome stained liver sections. The slides are representative of all livers in each group. **\[B\]**: Hepatic hydroxyproline content was quantified as described in Materials and Methods. Results are represented Hydroxyproline μg/mg protein](pone.0146942.g003){#pone.0146942.g003}

Switching mice from the WD (WD-24) to the LFLC diet for 8 wks (WD-LFLC-8 wks) corrected many but not all, of the effects of 24 wks of WD feeding. Specifically, this intervention reduced body weight, blood glucose, and plasma levels of lipids, ALT, leptin and TLR2 and TLR4 agonists to levels seen in control mice maintained on the LFLC diet for 32 wks. However, livers from WD-LFLC-8 mice weighted more and had greater levels of triglyceride and cholesterol than control mice fed the LFLC diet for the 32 wks. Hepatic fibrosis, as measured by hydroxyproline, was not different between WD-fed mice for 24 weeks and WD-LFLC-8 wk and was greater than mice fed the LFLC diet for the 32 weeks. Consistent with this data, histological analysis (trichrome staining; **[Fig 3](#pone.0146942.g003){ref-type="fig"})** indicate that branching fibrosis (yellow arrows in **[Fig 3](#pone.0146942.g003){ref-type="fig"}**) is still present in livers of WD-LFLC-8 wk mice. As such, the LFLC diet does not promote full remission of NASH or fibrosis.

A phenotypic comparison of *Ldlr*^*-/-*^ mice fed the two control diets (NP and LFLC) for 29 and 32 wks, respectively revealed that mice fed the LFLC diet for 32 wks weighed more (23%) and had higher plasma parameters associated with MetS, hepatic damage and systemic inflammation than NP fed mice (**[S4 Table](#pone.0146942.s006){ref-type="supplementary-material"}**). Livers of these mice did not differ in terms of overall weight, liver weight as a % of body weight, or triglyceride content, but had increased (72%) hepatic cholesterol. Gene expression markers of inflammation (*Mcp1*) and fibrosis (*Col1A1*, *Timp1*) in livers of the LFLC-fed mice are significantly elevated when compare to mice fed the NP diet.

Physiological changes occurring with WD-induced NASH {#sec018}
----------------------------------------------------

The WD impacts a broad array of features associated with MetS and NASH (**[Fig 4](#pone.0146942.g004){ref-type="fig"})**. Using a heat map and volcano plots, we compared the LFLC group, WD-32 and the WD-LFLC-8 wk groups (**[Fig 4](#pone.0146942.g004){ref-type="fig"} and [S3 Table](#pone.0146942.s005){ref-type="supplementary-material"}).** The heat map illustrates that WD feeding was associated with alterations in body & liver weight, multiple plasma parameters associated with MetS, hepatic fatty acid content and numerous changes in hepatic gene expression associated with MetS and NASH. Hepatic gene expression markers of inflammation *(Mcp1*, *Cd68*, *Trl4)*, oxidative stress (*Nox2*, *Hmox1*), fibrosis (*Col1A1*, *Mmp2*, *Timp1 & 2*), as well as hepatic hydroxyproline and monounsaturated fatty acid content (16:1,ω7; 18:1,ω7; 18:1,ω9) were all greatly increased by WD diet feeding. As seen in Study 1, several features declined with NASH, including the expression of genes involved in triglyceride catabolism (*ATGL*, *TGH/Ces3*), fatty acid elongation (*Elovl5)* and hepatic ω3 and ω6 PUFA content. The volcano plot provides information on the magnitude of change (Log 2 Fold Change) and the p-values \[-Log10(P)\] associated with these changes. All of the plasma (ALT, cholesterol), hepatic inflammation (*Mcp1*), fatty acid (18:1,ω7, 20:0) and fibrosis markers (*Timp1*, *Mmp2*, *Mmp13*, *LoxL2*, *Col1A1*) markers were significantly induced by the WD (**[Fig 4B](#pone.0146942.g004){ref-type="fig"}**).

![Heat maps and volcano plots of the LFLC, WD-32 and WD to LFLC groups.\
Bioinformatic analysis of data used the statistical package in MetaboAnalyst 3.0 (<http://www.metaboanalyst.ca/MetaboAnalyst/>) as described in Materials and Methods. **\[A\]:** The heat map is a visualization of the changes in abundance/level of features in rows (e.g., plasma glucose) for each animal (columns). The number at the bottom of the heat map is the animal identification number. The color ranges from deep orange (high abundance or level) to deep blue (low abundance or level); white is no change. **\[B and C\]:** All data in the heat map was used to construct volcano plots using the statistics package in MetaboAnalyst 3.0. The volcano plot allows for the visualization of the distribution of p-values versus fold-change for all measured entities, which include body weight, plasma and hepatic parameters, hepatic transcripts and fatty acids.](pone.0146942.g004){#pone.0146942.g004}

To determine the effects of 8 wks of LFLC diet on the remission of NASH, we compared the WD-32 and WD-LFLC-8 wks treatments groups (**[Fig 4A & 4C](#pone.0146942.g004){ref-type="fig"}**). The heat map and volcano plots show that most features that were induced by WD feeding were reversed by feeding the NASH mice the LFLC diet for 8 wks. In contrast to Study 1 where WD-fed mice were switched to the NP diet, the WD-fed mice switched to LFLC-8 wks group (Study 2) did not have a reduction in hepatic steatosis (triglyceride and cholesterol) (**Figs [3](#pone.0146942.g003){ref-type="fig"} & [4](#pone.0146942.g004){ref-type="fig"}**) indicating that the two diets used to reverse WD-induced NASH did not yield entirely the same hepatic outcomes. The finding that neither control diet was capable of reversing WD induced hepatic fibrosis, suggests that reduction of hepatic fibrosis requires actions in addition to those induced by weight loss and the consumption of a low-fat low-cholesterol diet.

Time course for diet effects on MetS and NASH features {#sec019}
------------------------------------------------------

Having established that the LFLC diet can at least partially reverse many of the WD-induced features associated with NASH phenotype, we next determined the time course across which the LFLC diet promotes NASH remission. An overview of these effects is seen in the heat map (**[Fig 5](#pone.0146942.g005){ref-type="fig"}**), hepatic histology (**[Fig 6](#pone.0146942.g006){ref-type="fig"}**) and **Figs [7](#pone.0146942.g007){ref-type="fig"}--[10](#pone.0146942.g010){ref-type="fig"}**where we quantify selected features. Mice fed the LFLC diet have a moderate level of steatosis and no detectable fibrosis (**[Fig 6](#pone.0146942.g006){ref-type="fig"}**). Mice fed the WD for 24 or 32 wks showed a higher level of steatosis (neutral lipid storage) and mild to moderate fibrosis (Sirius red stain branching fibrosis). Switching mice to the LFLC diet for up to 8 wks did not reverse hepatic steatosis or fibrosis (**Figs [3](#pone.0146942.g003){ref-type="fig"} & [6](#pone.0146942.g006){ref-type="fig"}**).

![Heat map of the time course of diet effects on reversal of MetS and NASH.\
As explained in [Fig 2](#pone.0146942.g002){ref-type="fig"}, the heat map is a visualization of changes in entities (rows, e.g., plasma glucose) in mice (columns). This figure represents an analysis of the 6 groups in the time course study: LFLC, WD-24, WD-32, WD-24 to LFLC for 1, 2, or 8 weeks. The number of mice in each group is: 6, 5, 5, 6, 6, 5, respectively. The numbers at the bottom of the heat map represent the mouse identification numbers.](pone.0146942.g005){#pone.0146942.g005}

![Time course analysis of hepatic histology of mice fed the LFLC or WD diets.\
Liver sections were stained with Sirius Red to reveal fibrosis appearing as red branching fibrosis (black arrows). The stained sections are from mice fed the WD for 24 weeks, the LFLC or WD for 32 weeks and mice fed the WD for 24 weeks and switched to the LFLC diet for 1, 2 or 8 weeks. The stained liver sections are representative of all livers in each group. The magnification of all images is 4X.](pone.0146942.g006){#pone.0146942.g006}

![Time course of effects of diet on plasma markers of MetS.\
Plasma levels of glucose **\[A\],** triglyceride **\[B\],** total cholesterol **\[C\]** and free cholesterol **\[D\]** were assayed as described in Materials and Methods. Results are represented as plasma values; mean ± SD with 5--6 animals/group. ANOVA: **a**, p≤0.05 versus the LFLC group; **b**, p≤0.05 versus the WD-32 group; **c**, p≤0.05 versus the WD-24 group.](pone.0146942.g007){#pone.0146942.g007}

![Time course of effect of diet on plasma markers of hepatic damage, inflammation and leptin.\
Plasma levels of alanine aminotransferase (ALT) **\[A\]**, activators of toll-like receptor 2 (TRL2), **\[B\]** and TLR4 **\[C\]**, and leptin **\[D\]** were quantified as described in Materials and Methods. Adiponectin was also quantified, but adiponectin was not significantly affected by diet (not shown). Results are represented as plasma values; mean ± SD with 5--6 animals/group. ANOVA: **a**, p≤0.05 versus the LFLC group; **b**, p≤0.05 versus the WD-32 group; **c**, p≤0.05 versus the WD-24 group.](pone.0146942.g008){#pone.0146942.g008}

![Time course of diet effects on hepatic gene expression markers of inflammation and fibrosis.\
Hepatic expression of mRNA transcripts encoding proteins involved in inflammation (*Mcp1*, *CD68*) **\[A\]** and fibrosis (*Col1A1* **\[B\]**, *Timp1* **\[C\]**, *Mmp2* and *Lox* **\[D\]**) were quantified by qRTPCR as described in Materials and Methods. Results are represented as mRNA-Fold Change; mean ± SD with 5--6 animals/group. ANOVA: **a**, p≤0.05 versus the LFLC group; **b**, p≤0.05 versus the WD-32 group; **c**, p≤0.05 versus the WD-24 group.](pone.0146942.g009){#pone.0146942.g009}

![Regression analysis of plasma and hepatic markers of inflammation and fibrosis.\
Linear regression analysis was used to assess the association between hepatic transcripts involved in hepatic fibrosis, **\[A\]**: Col1A1 versus LoxL2; **\[B\]**: LoxL2 versus Timp1. This analysis was used to assess the association between plasma TLR2 activators and hepatic transcripts involved in inflammation **\[C\]**: *Mcp1* versus TLR2\] and fibrosis **\[D\]**: *LoxL2* versus TLR2\]. As indicated in [Table 1](#pone.0146942.t001){ref-type="table"}, plasma TLR 2 activators were identified as a highly significant plasma marker of NASH. R^2^ and p-values were as described in Materials and Methods.](pone.0146942.g010){#pone.0146942.g010}

The LFLC diet promotes remission of plasma markers of NASH {#sec020}
----------------------------------------------------------

Fasting plasma glucose was increased by feeding mice the WD and returned to control (LFLC) levels by 8 wks (**[Fig 7](#pone.0146942.g007){ref-type="fig"}**). Changes in plasma glucose paralleled diet-induced changes in plasma total and free cholesterol. Plasma triglycerides, in contrast, were induced by the WD, but return to control levels rapidly (within 1 wk) after the switch from the WD to the LFLC diet.

Plasma ALT was elevated (3-fold) by the WD and this marker of hepatic damage decreased to control levels within 2 wks following the switch to the LFLC diet (**[Fig 8](#pone.0146942.g008){ref-type="fig"}**). Plasma TLR2 and TLR4 activators represent both gut-derived microbial products and endogenously derived molecules that have been linked to systemic and hepatic inflammation and NASH \[[@pone.0146942.ref020]--[@pone.0146942.ref023]\]. Plasma TLR2 and TLR4 activators were increased by the WD and were decreased to control levels after 2 wks of feeding LFLC diet. Leptin, a cytokine primarily produced by adipose tissue, has been linked to hepatic fibrosis \[[@pone.0146942.ref024]\]. Plasma leptin was significantly elevated in the WD-32 group only.

The LFLC diet promotes remission of hepatic gene expression markers associated with NASH {#sec021}
----------------------------------------------------------------------------------------

Analysis of hepatic gene expression provides evidence for diet effects on signaling pathways affecting inflammation, fibrosis, and oxidative stress. Feeding WD increased expression of *Mcp1*, *CD68* (**[Fig 9](#pone.0146942.g009){ref-type="fig"}**) and other markers of hepatic inflammation (**[Fig 4](#pone.0146942.g004){ref-type="fig"}**). Switching mice from the WD to the LFLC diet decreased hepatic abundance of these transcripts within 2 wks. This response paralleled changes in hepatic TLR2 and TLR4 activators (**Figs [8](#pone.0146942.g008){ref-type="fig"} & [9](#pone.0146942.g009){ref-type="fig"}**).

The WD also increased expression of transcripts associated with hepatic fibrosis and matrix remodeling. Collagen 1A1 (*Col1A1*) is the major hepatic collagen subtype associated with NASH in rodents (**[Fig 9](#pone.0146942.g009){ref-type="fig"}**) and humans \[[@pone.0146942.ref025], [@pone.0146942.ref026]\]. *Col1A1* expression was highly variable in the WD-24 group, while the WD-32 group showed at \>20-fold increase in *Col1A1* expression when compared to mice fed the LFLC diet for 32 wks. Switching WD-24 mice to LFLC for eight wks failed to return *Col1A1* expression to levels seen in control mice, a finding that agreed with the histology reported in **[Fig 6](#pone.0146942.g006){ref-type="fig"}**. Tissue-inhibitor of metalloprotease-1 (*Timp1*) expression was well induced in mice fed the WD for 24 or 32 wks. *Timp1* expression showed a similar overall profile as *Col1A1*, but with less variability in its expression. Metalloprotease-2 (*Mmp2*) and lysyl oxidase (*Lox*) are involved in ECM remodeling and collagen crosslinking, respectively. Both transcripts were elevated in the WD-24 and WD-32 groups. *Lox* expression returned to control levels after feeding LFLC for 8 wks. In contrast, *Mmp2* expression failed to return to control levels within 8 wks of switching from the WD to the LFLC diet.

Regression Analyses {#sec022}
-------------------

Regression analysis was used to assess associations between plasma and hepatic parameters. Statistical analysis ranked plasma and hepatic features associated with NASH in *Ldlr*^*-/-*^ mice; the top 10 features are listed in **[Table 1](#pone.0146942.t001){ref-type="table"}**and all features that changed significantly are listed in **[S5 Table](#pone.0146942.s007){ref-type="supplementary-material"}**. The top plasma and hepatic features were TLR2 activators and lysyl oxidase-like-2 (*LoxL2*) mRNA, respectively. Regression analysis was used to determine the degree to which plasma and hepatic measures exhibited a similar expression patterns across the time course study. Hepatic genes associated with collagen production and catabolism (*Col1A1* & *Timp1)* were strongly associated with *LoxL2* expression (r^2^ ≥ 0.8) **([Fig 10A & 10B](#pone.0146942.g010){ref-type="fig"})**. *LoxL2* is one of several lysyl oxidases/lysyl oxidase-like enzymes involved in collagen cross-linking.

10.1371/journal.pone.0146942.t001

###### Top 10 features associated with NASH in *Ldlr*^*-/-*^ mice as determined by ANOVA-Tukey HSD[^1^](#t001fn001){ref-type="table-fn"}.

![](pone.0146942.t001){#pone.0146942.t001g}

  [Feature]{.ul}            [p-value]{.ul}   [Effect of WD]{.ul}   [Function]{.ul}
  ------------------------- ---------------- --------------------- ---------------------------------
  Plasma TLR2 Activators    3.7 x 10^−10^    Increase              Promotes Inflammation
  *LoxL2*                   6.0 x 10^−10^    Increase              Collagen Crosslinking
  Plasma Triglycerides      1.7 x 10^−9^     Increase              Dyslipidemia Marker
  *Nox2*                    8.0 x 10^−9^     Increase              Cellular Oxidative Stress
  *Timp1*                   2.3 x 10^−8^     Increase              Inhibits ECM Degradation
  Plasma Free Cholesterol   2.5 x 10^−8^     Increase              Dyslipidemia Marker
  20:0                      1.2 x 10^−7^     Increase              Long Chain Saturated Fatty Acid
  18:2,ω6                   2.5 x 10^−7^     Decrease              Essential Fatty Acid
  *Hmox1*                   2.3 x 10^−7^     Increase              Anti-Oxidant Defense
  18:3,ω6                   2.5 x 10^−7^     Increase              Long Chain PUFA

^1^All data used to construct the heat map in [Fig 5](#pone.0146942.g005){ref-type="fig"} was used for statistical analysis using the MetaboAnalyst 3.0 statistical package. The table above lists the top 10 features with the lowest p-values, i.e., high significance. The complete list of features and their p-values is provided as "**[S5 Table](#pone.0146942.s007){ref-type="supplementary-material"}**. Significant features associated with NASH in *Ldlr*^*-/-*^ mice as determined by ANOVA-Tukey HSD".

TLR2 agonists bind TLR2 receptors and activate NFκB, a key transcription factor involved in inflammation \[[@pone.0146942.ref027]\]. Hepatic *Mcp1* is a NFκB target gene; plasma TLR2 agonist levels were strongly associated with hepatic *Mcp1* gene expression (r^2^ = 0.77) **([Fig 10C](#pone.0146942.g010){ref-type="fig"}).** The association between TLR2 agonist levels and expression of LoxL2 was also strong (r^2^ = 0.52) **([Fig 10D](#pone.0146942.g010){ref-type="fig"})**.

Levels of plasma lipids (triglyceride and cholesterol) exhibited a modest association with hepatic expression of *LoxL2* and *Timp1* (not shown). Interestingly, the association between plasma TLR2 agonist and hepatic lipids was stronger with hepatic cholesterol (r^2^ = 0.19) than triglyceride (r^2^ = 0.025). Similarly, the association between hepatic *LoxL2* expression was stronger with hepatic cholesterol r^2^ = 0.35 than hepatic triglyceride (r^2^ = 0.063). The associations between hepatic triglycerides and TLR2 agonist or *LoxL2* expression, however, were weak.

Association between hepatic PUFA and NASH markers {#sec023}
-------------------------------------------------

Humans with NASH and *Ldlr*^*-/-*^ mice fed the WD have lower plasma and hepatic content of ω3 and ω6 PUFA \[[@pone.0146942.ref014],[@pone.0146942.ref015], [@pone.0146942.ref028]--[@pone.0146942.ref030]\]. Both studies reported here (**Figs [2](#pone.0146942.g002){ref-type="fig"} & [5](#pone.0146942.g005){ref-type="fig"}**) demonstrate that feeding mice the WD decreased hepatic ω3 and ω6 PUFA and that returning WD-fed mice to either a NP or LFLC diet, at least partially, restored hepatic levels of these PUFA. Herein, we show that there is a modest inverse association between changes in hepatic PUFA and plasma and hepatic markers of NASH, i.e., TLR2 agonist and *LoxL2* mRNA (r^2^ = 0.32 and 0.35) respectively (**[Fig 11](#pone.0146942.g011){ref-type="fig"}**). WD feeding altered expression for some genes involved in fatty acid desaturation (*Scd1*) and elongation (*Elovl5 & Elovl7*) (**[Fig 12](#pone.0146942.g012){ref-type="fig"}**). Specifically, WD increased the expression of *Scd1* and *Elovl7*, suppressed *Elovl5* expression and had no effect on *Fads1*, *Fads2* or *Elov6* expression. Switching mice from the WD to the LFLC for 8 wks returned *Scd1* and *Elovl7* gene expression to levels seen in mice fed the LFLC diet for 32 wks. *Elovl5*, in contrast, was not restored to normal levels by the LFLC diet. Overall, changes in hepatic desaturases and elongases do not fully explain WD-induced changes in hepatic PUFA content.

![Regression analysis of markers of inflammation, fibrosis and hepatic PUFA.\
Linear regression analysis was used to assess the association between hepatic PUFA and plasma TLR2 activation **\[A\]**: ω3 PUFA versus TLR2 activation; **\[B\]**: ω6 PUFA versus TLR2 Activation\] and hepatic *LoxL2* transcript abundance **\[C\]**: ω3 PUFA versus *LoxL2* mRNA; **\[D\]**: ω6 PUFA versus *LoxL2* mRNA\]. R^2^ and p-values were derived as described in Materials and Methods.](pone.0146942.g011){#pone.0146942.g011}

![Diet effects on the hepatic expression of enzymes involved in desaturation and elongation of saturated, mono- and polyunsaturated fatty acids.\
**\[A\]**: Hepatic transcript abundance of enzymes was quantified as described in Materials and Methods. Results are represented as mRNA-Fold Change; mean ± SD with 5--6 animals/group. **\[B\]**: Hepatic PUFA content. Total hepatic fatty acids were quantified as described in Materials and Methods. Hepatic PUFA are represented as Fatty Acid Mole%, mean ± SD with 5--6 animals/group. ANOVA: **a**, p≤0.05 versus the LFLC group; **b**, p≤0.05 versus the WD-32 group.](pone.0146942.g012){#pone.0146942.g012}

Discussion {#sec024}
==========

Our goal was to evaluate the capacity of two low-fat low-cholesterol diets to reverse WD-induced MetS and NASH in male *Ldlr*^*-/-*^ mice. Both non-purified chow (**NP**) and purified (low-fat low-cholesterol, **LFLC**) diets were low in fat (13% and 10%, respectively) and low in cholesterol (0.014% and 0.0014%, respectively). The defining macronutrient difference between the two diets was the sucrose content (5.5% versus 35% total calories) in the NP and LFLC diets, respectively. This difference in simple sugar content of the diet is, at least partially, responsible for the differences in outcomes between the studies. While we recognize that there are small differences in study duration (29 wks total for Study 1 and 32 wks total for Study 2) as well as mouse ages when starting the study (9 versus 10 wks of age), the outcomes and conclusions of the studies are strikingly similar.

In contrast to the NP diet, the LFLC diet failed to reverse WD induced hepatosteatosis (Figs [1](#pone.0146942.g001){ref-type="fig"}, [3](#pone.0146942.g003){ref-type="fig"} & [6](#pone.0146942.g006){ref-type="fig"}). Moreover, both the NP and LFLC diets had limited capacity to reverse WD-induced hepatic fibrosis as measured biochemically and histologically. Both diets also failed to restore WD-induced alterations in hepatic content of specific MUFA and PUFA. The outcome of these studies establish that the composition of the diet used to promote NASH/fibrosis remission significantly impacts the degree to which NASH remission occurs and that all features of NASH are not reversible on the same time scale. These results also suggest that interventions, in addition to weight loss and the consumption of a low-fat low-cholesterol diet, are required to fully reverse WD induced NASH.

Metabolic plasma parameters {#sec025}
---------------------------

Feeding *Ldlr*^*-/-*^ mice the WD elevates plasma parameters associated with NASH and MetS, including plasma lipids (triglycerides and cholesterol) and glucose (**Figs [2](#pone.0146942.g002){ref-type="fig"}, [4](#pone.0146942.g004){ref-type="fig"}, [5](#pone.0146942.g005){ref-type="fig"} and [7](#pone.0146942.g007){ref-type="fig"}**). Changes in these metabolic markers paralleled changes in circulating biomarkers of liver injury, e.g., ALT (**[Fig 8](#pone.0146942.g008){ref-type="fig"}**). In humans with NASH and T2DM, weight loss results in decreased levels of these plasma markers \[[@pone.0146942.ref031]\]. Returning WD-fed mice to control diets (NP or LFLC) lowered all plasma metabolic markers to normal. These plasma metabolic parameters decrease rapidly following the change in diet and precede changes in the overall disease status of the NASH liver and therefore these circulating biomarkers of inflammation, glucose homeostasis, and liver injury do not parallel hepatic status with respect to steatosis or fibrosis.

Inflammation {#sec026}
------------

Both systemic and hepatic inflammation can drive NASH progression \[[@pone.0146942.ref015], [@pone.0146942.ref030], [@pone.0146942.ref032]\]. WD feeding increased plasma inflammatory markers (TLR2 & TLR4 agonists, leptin) and induced hepatic mRNA transcripts linked to inflammation. TLR2 and TLR4 bind bacterial components as well as some host components (oxidized lipids, extracellular matrix components) \[[@pone.0146942.ref033]--[@pone.0146942.ref036]\]. Our studies demonstrate that extended WD feeding increased both TLR2 and TLR4 plasma agonists. Activation of TLR2 & TLR4 signaling pathways involves increasing NFκB nuclear translocation and subsequent upregulation of inflammatory genes including signaling cytokines, such as TNFα and IL1β. Gut derived signals, such as lipopolysaccharide (**LPS**/endotoxin), activate TLRs and contribute to the pathogenesis of NASH \[[@pone.0146942.ref027], [@pone.0146942.ref037]--[@pone.0146942.ref040]\]. Blood levels of LPS are increased in both humans \[[@pone.0146942.ref041]\] and mice \[[@pone.0146942.ref015]\] with NAFLD. High-fat diets (such as the WD) promote increases in circulating LPS by moving LPS from the gut lumen to the circulation via chylomicron assembly and transport \[[@pone.0146942.ref038], [@pone.0146942.ref042]\]. Taken together, our data suggests that the WD is a potent inducer of systemic inflammation that contributes to the pathogenesis of NASH. Providing an alternative diet (LFLC or NP) to mice can ameliorate some of these systemic inflammatory mediators. The time course of remission of these indicators suggests that hepatic expression of inflammatory genes (*Mcp1* and *CD68*) decreased on the same time-scale as the loss of the plasma TLR2 & TLR4 activators (**Figs [8](#pone.0146942.g008){ref-type="fig"} & [9](#pone.0146942.g009){ref-type="fig"}**).

Reversibility of diet-induced hepatic fibrosis {#sec027}
----------------------------------------------

A key goal of these studies was to determine the capacity of dietary modification to reverse WD-induced hepatic fibrosis. A recent study identified fibrosis stage as the driving predictor of overall and disease-specific mortality in patients with NASH \[[@pone.0146942.ref043]\]; thus knowing whether fibrosis is reversible is necessary in order to address treatment. The reversibility of hepatic fibrosis has been previously studied in models of acute chemically (carbon tetrachloride, **CCL4**) induced fibrosis \[[@pone.0146942.ref005]\] and bile duct ligation (**BDL**) \[[@pone.0146942.ref007]\]. The reversal of CCL4 induced fibrosis is rapid, i.e., full resolution of fibrosis occurred within 30 days \[[@pone.0146942.ref006]\]. Hepatic fibrosis resolution in the BDL model required more than 12 weeks after the stimulus was removed \[[@pone.0146942.ref007]\]. However, neither of these approaches recapitulates the onset or remission of hepatic fibrosis in the context of MetS and/or type 2 diabetes. Therefore, our studies focused on a model of WD-induced NASH and fibrosis, which is a major pathophysiological feature associated with NASH in obese humans.

WD-feeding for 22--32 wks greatly elevated biochemical and histological markers of fibrosis. Returning mice to diets low in fat and cholesterol reduced, but did not resolve hepatic fibrosis (**Figs [1](#pone.0146942.g001){ref-type="fig"}, [3](#pone.0146942.g003){ref-type="fig"} & [6](#pone.0146942.g006){ref-type="fig"}**). The reversibility of NASH in the CCL4 and BDL models suggests that hepatic fibrosis is reversible upon removal of the factor(s) stimulating the development and progression of NASH. Given that control mice on the LFLC diet display little fibrosis this suggests that our intervention of switching from WD to LFLC should have reversed hepatic fibrosis. However, mice that were switched to NP or LFLC still displayed fibrosis following 8 wks on these low-fat, low-cholesterol diets. Taken together this data suggests that fibrosis that develops from long term WD-feeding (i.e., within the pathophysiological context of MetS) is not readily reversible by dietary modification alone; and full reversal of fibrosis will required other strategies.

The fibrotic status of the liver is governed by the balance of ECM deposition and turnover; and this process is controlled by the expression of ECM components (collagens, elastins, etc.), Mmps, Timps, and proteins controlling collagen cross-linking (lysyl oxidase \[Lox\] and LoxL subtypes 1--4 \[[@pone.0146942.ref005], [@pone.0146942.ref044]--[@pone.0146942.ref048]\]. WD-induced hepatic fibrosis in *Ldlr*^*-/-*^ mice involves the induction of collagen (Col1A1, Col1A2, Col4A1) production. This increase in collagen subtypes expression concurs with data in humans \[[@pone.0146942.ref049]\]. In addition, the WD also induces several Mmps, Timps and enzymes involved in chemical cross-linking (Lox & LoxL subtypes) \[[@pone.0146942.ref025]\]. The biochemical and histological evidence of fibrosis in WD fed mice we report provides clear evidence that the rate of collagen production exceeds its degradation. Our analysis of fibrosis (**Figs [1](#pone.0146942.g001){ref-type="fig"}, [3](#pone.0146942.g003){ref-type="fig"} and [6](#pone.0146942.g006){ref-type="fig"}**) is in agreement with findings in humans following weight loss after gastric surgery (gastric band or Roux-en-Y) \[[@pone.0146942.ref008], [@pone.0146942.ref031], [@pone.0146942.ref050]\]. Unfortunately in humans, there are both significant long-term complications and high failure rates of gastric surgeries \[[@pone.0146942.ref051]\] and thus these approaches may not be ideal for addressing both obesity and NASH.

Hepatic Cholesterol Content {#sec028}
---------------------------

While dietary cholesterol is a well-known driver of NASH progression \[[@pone.0146942.ref052]\], dysregulated cholesterol synthesis and metabolism is also a feature of NASH \[[@pone.0146942.ref053]\]. Cholesterol can be converted to oxysterols, some of which are ligands for LXR, a key regulator of lipogenic gene expression \[[@pone.0146942.ref054]\]. We and others have reported that hepatic cholesterol content is associated with NASH severity \[[@pone.0146942.ref014], [@pone.0146942.ref015], [@pone.0146942.ref052]\]. Despite the very low cholesterol content in the LFLC diet (**[S1 Table](#pone.0146942.s003){ref-type="supplementary-material"}**), livers in the WD-LFLC-8 wk group exhibited no reduction in hepatic cholesterol or triglyceride when compared to the WD-32 wk group (**[S3 Table](#pone.0146942.s005){ref-type="supplementary-material"}**). This suggests that removal of excess cholesterol from the diet is not sufficient to decrease hepatic cholesterol content after the initial induction of NASH. Although livers of WD-LFLC-8 wk mice had 2- to 3-fold higher levels of cholesterol, most of the hepatic inflammation markers were resolved (**[Fig 9](#pone.0146942.g009){ref-type="fig"}**). These findings reveal dissociation between hepatic cholesterol content and inflammation.

The role of simple sugars in the development of fatty liver has been previously described \[[@pone.0146942.ref055], [@pone.0146942.ref056]\]. Excess dietary sucrose as seen in the WD and LFLC diets likely increases both *de novo* lipogenesis and cholesterol synthesis leading to increased formation of lipid as triglycerides and cholesterol esters and their storage in lipid droplets, i.e., hepatosteatosis, as is seen in the WD and WD-LFLC-8wk groups (**[Fig 3](#pone.0146942.g003){ref-type="fig"}**). Feeding mice the NP diet after NASH induction (WD-NP group), lowered both dietary cholesterol and simple sugars, and resolved hepatosteatosis; both triglycerides and cholesterol in the liver returned to normal (**[S2 Table](#pone.0146942.s004){ref-type="supplementary-material"}**). Since hepatic inflammation resolved in both the WD-NP and WD-LFLC groups, stored cholesterol, i.e., cholesterol ester, is not harmful in and of itself. However, reducing hepatic cholesterol requires lowering both dietary cholesterol and simple sugar.

Hepatic Fat Content {#sec029}
-------------------

In contrast to fibrosis, the reversal of diet-induced hepatosteatosis is significantly affected by the type of diet used to promote remission. The NP diet, which is low in fat, cholesterol and simple sugar, promoted greater reduction in hepatosteatosis than the LFLC diet, a diet with higher levels of sucrose **([S2](#pone.0146942.s004){ref-type="supplementary-material"} and [S3](#pone.0146942.s005){ref-type="supplementary-material"} Tables).** The sucrose content in the LFLC diet is comparable to the sucrose content in the WD. The finding that the LFLC diet failed to reverse hepatosteatosis strongly suggests that limitation of dietary simple sugar in addition to dietary fats is required to reverse hepatosteatosis. The role of fructose and other simple sugars is well established in promoting neutral lipid storage in the liver \[[@pone.0146942.ref057]\]. However, the finding that some of the control mice fed LFLC exhibited histologically mild hepatosteatosis (biochemically, triglyceride measures between LFLC and NP are not different) but not NASH supports the concept that other factors, such as systemic inflammatory factors, contribute to NASH progression.

While most of the WD induced alterations in liver and plasma profiles were reduced by removal of WD feeding, notably, hepatic fatty acid profiles were not reversed to levels seen in control mice. Specifically, WD feeding alters the distribution of fatty acids by increasing MUFAs and decreasing **ω**3 and **ω**6 PUFA (**Figs [2](#pone.0146942.g002){ref-type="fig"}, [4](#pone.0146942.g004){ref-type="fig"}, [5](#pone.0146942.g005){ref-type="fig"} & [12](#pone.0146942.g012){ref-type="fig"}**). In particular, WD feeding increased the hepatic content of oleic acid (18:1,ω9) and cis-vaccenic acid (18:1,ω7). While 18:1,ω9 is found in the diet, 18:1,ω7 is not in the NP, LFLC or WD diets \[[@pone.0146942.ref015], [@pone.0146942.ref016]\]. As such, 18:1,ω7 is generated by the elongation of 16:1,ω7; and this fatty is generated by SCD1-mediated desaturation of palmitic acid (16:0). The increase in hepatic MUFA (16:1,ω7, 18:1,ω7, 18:1,ω9) were associated with corresponding increases in *SCD1* and *Elovl7* expression (**[Fig 12](#pone.0146942.g012){ref-type="fig"}**).

We also report that the WD decreased hepatic content of linoleic acid (18:2,ω6), α-linolenic acid (18:3,ω3), arachidonic acid (20:4,ω6) and docosahexaenoic acid (22:6,ω3). All diets are essential (18:2,ω6 and 18:3,ω3) fatty acid sufficient. The decline in the C~20-22~ ω3 and ω6 PUFA was associated with decreased *Elovl5* expression, but no change in *Fads1* or *Fads2* expression (**[Fig 12](#pone.0146942.g012){ref-type="fig"}**). An alternative explanation for the decline in hepatic C~20-22~ PUFA abundance may be due to substrate competition at the level of *Fads2*. *Fads2* was recently reported to desaturate saturated fatty acids like palmitate \[[@pone.0146942.ref058]\] and there is an abundance of palmitate in fatty livers \[[@pone.0146942.ref015]\].

Placing WD fed mice on the LFLC diet for 8 wks partially restored ω3 and ω6 PUFA content to levels seen in mice fed the NP or LFLC diets for the duration of the study. We previously reported that increasing dietary C~20-22~ ω3 PUFA, particularly DHA, in the WD attenuated WD-induced NASH in *Ldlr*^*-/-*^ mice. DHA was more effective than EPA at preventing hepatosteatosis, inflammation and fibrosis \[[@pone.0146942.ref015]\]. Dietary DHA increased hepatic levels of both DHA and EPA (via retro-conversion) and interfered with TGFβ signaling in the liver \[[@pone.0146942.ref025]\]. TGFβ plays a major role in the onset and progression of fibrosis \[[@pone.0146942.ref022]\].

Finally, our analyses revealed a weak association between top NASH features (i.e. *LoxL2* mRNA and plasma TLR2 agonists) and total hepatic triglyceride (r^2^ = 0.063 and r^2^ = 0.025). In contrast, these top NASH features showed a stronger association with hepatic ω3 and ω6 fatty acid content (r^2^ = 0.32 and r^2^ = 0.35) (**[Fig 11](#pone.0146942.g011){ref-type="fig"}**). These finding suggest that the degree of NASH may be more related to the hepatic content of specific fatty acids, rather than the total amount of hepatic triglyceride.

Conclusions {#sec030}
===========

Long-term WD feeding was used to induce NASH in *Ldlr*^*-/-*^ mice. We tested the efficacy of two low-fat, low-cholesterol diets to promote NASH remission. While most gene expression markers, all plasma parameters examined, and body weights returned to normal, this intervention failed to reverse both hepatic fatty acid profiles and NASH-associated fibrosis. Based on these studies, removing WD and switching to low fat-low cholesterol (NP or LFLC) diets is not sufficient to allow for full resolution of NASH. These studies also demonstrated a differential response of NASH remission dependent upon the diet used. The NP diet was superior to the LFLC diet in resolving NASH. This suggests that the beneficial results of these diets are not solely based on removal of fat and cholesterol from the diet, but may also depend on the level of dietary simple sugar, i.e., sucrose and fructose. Whether full resolution, and in particular, removal of fibrosis occurs with continued weight maintenance, addition of exercise, or targeted drug therapies coupled with lifestyle changes is yet to be determined.

Supporting Information {#sec031}
======================

###### Effect of the NP and WD on hepatic gene expression-Study1.

Mice were fed the Chow or WD diets as described in Materials and Methods. RNA was extracted and the abundance of mRNA transcripts encoding proteins involved in inflammation \[**A**\], oxidative stress \[**B**\] and fibrosis and ECM remodeling \[**C**\] were quantified. Results are presented as mRNA Abundance-Fold Change. Results are expressed as mean ± SD with 4 animals/group. **a**, p≤0.05 versus the chow group.
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Click here for additional data file.

###### Effect of diet on hepatic fatty acid composition-Study 1.

Hepatic lipids were extracted, saponified, converted to fatty acid methyl esters and quantified by gas chromatography as described in Material and Methods. \[**A\]:** Hepatic fatty acid content, results are expressed as nmol/mg protein; \[**B\]:** Sum of fatty acids in specific classes; results are expressed as nmol/mg protein; **\[C\]:** Hepatic C~20-22~ n-3 and n-6 fatty acids, results are expressed as nmol/mg protein. Results are expressed as mean ± SD with 4 animals/group. **a**, p≤0.05 versus the chow group.
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Click here for additional data file.

###### Diet Composition.
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###### Body weight, plasma and liver parameters-Study 1.
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###### Body weight, plasma and liver parameters-Study 2.
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###### Comparison of NP- versus LFLC-fed *Ldlr*^*-/-*^ mice.
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###### Significant features associated with NASH in *Ldlr*^*-/-*^ mice as determined by ANOVA-Tukey HSD.
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###### 

Click here for additional data file.
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